Low temperature is a primary determinant of plant growth and survival. Using accessions of Arabidopsis (Arabidopsis thaliana) originating from Scandinavia to the Cape Verde Islands, we show that freezing tolerance of natural accessions correlates with habitat winter temperatures, identifying low temperature as an important selective pressure for Arabidopsis. Combined metabolite and transcript profiling show that during cold exposure, global changes of transcripts, but not of metabolites, correlate with the ability of Arabidopsis to cold acclimate. There are, however, metabolites and transcripts, including several transcription factors, that correlate with freezing tolerance, indicating regulatory pathways that may be of primary importance for this trait. These data identify that enhanced freezing tolerance is associated with the down-regulation of photosynthesis and hormonal responses and the induction of flavonoid metabolism, provide evidence for naturally increased nonacclimated freezing tolerance due to the constitutive activation of the C-repeat binding factors pathway, and identify candidate transcriptional regulators that correlate with freezing tolerance.
Arabidopsis (Arabidopsis thaliana) is a widely spread small annual weed of the mustard family (Cruciferae) that is native to Europe and central Asia (for review, see Koornneef et al., 2004) . Its exposure to a wide range of climatic conditions across its latitudinal range of 68°N to 0°, and its adoption as the major model plant, make it ideal for studying natural variation of adaptive traits (Koornneef et al., 2004) . Low temperature defines a climatic range boundary for Arabidopsis (Hoffmann, 2002) , making temperature an interesting candidate for a habitat parameter that influences the genetic structure of local populations through natural selection. Such selection should be manifest by a relationship between freezing tolerance and the minimum habitat temperature during the growing season.
Freezing tolerance in plants can be afforded at different levels depending on the anticipation of the freezing event. Nonacclimated freezing tolerance measures the plant's capacity to survive a rapid and severe temperature drop to below zero. Acclimated tolerance is higher and reflects the ability of many plants, including Arabidopsis, to increase their freezing tolerance in response to low but nonfreezing temperatures. The mechanism of nonacclimated tolerance is poorly understood, although it has been reported that it may be genetically determined by loci independent of acclimated tolerance in potato (Solanum tuberosum; Stone et al., 1993) and oilseed rape (Brassica napus; Teutonico et al., 1995) . In contrast, cold acclimation is well studied and involves a wide array of metabolic changes governed by extensive reprogramming at the level of gene expression (Thomashow, 1999) .
Forward and reverse genetics have defined some of the key regulatory components of cold acclimation. A prominent role has been demonstrated for the C-repeat binding factors (CBF) 1, 2, and 3 (Gilmour et al., 1998) , which are also known as dehydration responsive element binding1 b, c, and a, respectively (Liu et al., 1998) . The overexpression of CBF genes induces many genes and metabolites that also accumulate in response to cold (Fowler and Thomashow, 2002; Cook et al., 2004; Gilmour et al., 2004) . There is evidence for negative regulation among the CBF genes; analysis of a CBF2 null mutant indicated it may negatively regulate CBF1 and CBF3 expression (Novillo et al., 2004) , and reduced CBF3 expression in the inducer of CBF expression 1 (ice1) mutant was associated with enhanced CBF2 expression 6 to 12 h after cold treatment (Chinnusamy et al., 2003) . ICE1 encodes a MYC-like bHLH transcriptional activator that acts upstream of the CBF genes, enhancing CBF3 expression (Chinnusamy et al., 2003) . In the ice1 mutant, several genes in the CBF regulon are no longer cold induced . HOS1, encoding a RING-finger motif protein, also negatively regulates the CBF genes (Lee et al., 2001 ). CBF-dependent roles in freezing tolerance have also been demonstrated for LOS1, a translational elongation factor 2 gene, which is involved in protein synthesis in the cold (Guo et al., 2002) , and for LOS4, a DEAD box RNA helicase that is essential for mRNA export (Gong et al., 2005) .
Transcript profiling indicated the induction of multiple transcriptional pathways in addition to CBF during cold acclimation (Fowler and Thomashow, 2002) and more recently candidates have been characterized. Constitutive overexpression of the transcription factor ZAT12 was shown to cause a slight but significant increase in freezing tolerance and to affect the expression of cold-responsive genes. However, it also down-regulates the expression of the CBF genes, and its regulon partially overlaps with that of CBF2 (Vogel et al., 2005) . Independence from the CBF pathway has been demonstrated for the transcription factors HOS9 and HOS10 that are both necessary for cold acclimation but do not affect CBF expression (Zhu et al., 2004 .
Recently, interest in profiling the system response to low temperature has revealed thousands of transcript (Fowler and Thomashow, 2002; Kreps et al., 2002; Seki et al., 2002; Hannah et al., 2005; Lee et al., 2005) and hundreds of metabolite (Cook et al., 2004; Kaplan et al., 2004) changes. These profiling technologies have also been used to characterize regulatory pathways (Chinnusamy et al., 2003; Cook et al., 2004; Gilmour et al., 2004; Maruyama et al., 2004; Vogel et al., 2005) . In common with the majority of profiling studies, individual accessions were used in these investigations, and results could therefore not be correlated quantitatively with different tolerance levels that occur in natural ecotypes. Here, we use nine accessions of Arabidopsis for a complete analysis of phenotypic variation for freezing tolerance, changes in gene expression, and metabolite status, and we perform a correlation analysis of changes at the molecular and physiological level. This provides more information than the use of single accessions for defining metabolites and transcripts that may be causally related to improved freezing tolerance and allows the separation of possible treatment-specific effects from those that may be functionally relevant for cold acclimation. We find considerable variation in nonacclimated as well as acclimated freezing tolerance of the various accessions and identify pathways that are associated with high freezing tolerance. This approach provides new insights into the processes that may be most important for improved freezing tolerance.
RESULTS

Natural Variation of Freezing Tolerance
To cover a wide array of phenotypic variation, we selected three laboratory and six natural accessions of Arabidopsis representing habitats from 16°to 66°n orthern latitude. These were C24, Canary Islands (Can), Coimbra (Co), Columbia-0 (Col-0), Cape Verde Islands (Cvi), Landsberg erecta (Ler), Niederzenz (Nd), Rschew (Rsch), and Tenela (Te). For the correlation of phenotypic variance with habitat temperatures, we assigned the origin of C24, Col-0, and Ler to their closest natural relatives Co, Gü ckingen (Gü ), and Landsberg (La), respectively (Schmid et al., 2003; Nordborg et al., 2005 ; www.TAIR.org). These nine accessions represent different life history strategies; Te, in common with other accessions from Finland (Kuittinen et al., 1997) , is likely to be a winter annual, as too are accessions that are late flowering (Napp-Zinn, 1985) such as Can. In contrast, the synchronous and early flowering of the other accessions suggests a summer annual habit (Table I) .
To obtain a quantitative measure of freezing tolerance in these accessions, we determined the temperature at which 50% electrolyte leakage occurred from detached leaves (Rohde et al., 2004) . Freezing tolerance varied by 5.9°C in acclimated and 3.7°C in nonacclimated leaves (Fig. 1) . The effect of genotype, treatment, and the genotype 3 treatment interaction on freezing tolerance, as determined by an ANOVA analysis, were all highly significant (P 5 4 3 10
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, 3 3 10 219 , and 3 3 10 25 , respectively). Acclimated tolerance showed continuous variation and correlated significantly (P 5 0.007; R 2 5 0.67) with the average minimum habitat temperature recorded during the coldest month of the growing season (Fig. 2) . This correlation was not dependent on our classification of accessions as summer or winter annuals, as it was significant even when all accessions were considered either as summer or winter annuals (P 5 0.02 and 0.03; R 2 5 0.54 and 0.51, respectively). Correlations were also significant (P , 0.03; R 2 . 0.6) when Ler, which differs from its natural relative due to the erecta mutation, was excluded from these correlations. These data indicate the robust nature of this correlation. Nonacclimated tolerance was generally similar (24.75°C 6 0.85°C) except for Te, which was .2°C more tolerant than all other accessions (Fig.  1) . The ability to increase freezing tolerance during cold acclimation (acclimation capacity) also varied between -0  46  45  43  45  Nd  43  41  42  42  Ler  46  43  43  44  Co  46  44  43  44  C24  43  42  42  42  Can  81  79  70  77  Cvi  44  42  44  43 a Age of nonacclimated plants. (Wanner and Junttila, 1999) yet before any new leaves had been formed. This time point should represent steadystate levels of transcripts and metabolites required to maintain the cold acclimated state. Plants were either harvested for nonacclimated measurements or cold acclimated when the inflorescence was 0.5 to 1 cm long (bolting stage). Using fully developed leaves from mature rosettes provided a defined system for which freezing tolerance, transcripts, and metabolites could be directly compared. As there are leaf order-dependent effects on freezing tolerance (Takagi et al., 2003) using fully developed leaves should reduce both within plant variation and between accession differences that may be associated with developmental stages. Except for Can and Te, the mean age at bolting was 42 to 45 d after sowing (DAS; Table I ). Te had a mean age of 58 DAS and Can had a mean age of 77 DAS. Only Can showed signs of senescence, i.e. anthocyanin accumulation and yellowing of the oldest leaves. Because of the large differences Can showed in comparison to the other accessions, it was excluded from analyses that required direct comparisons of expression or metabolite levels; its presence as an outlier would influence results. However, its consideration in the overall analyses does provide important insights. For clarity, the remaining eight accessions are referred to as the core accessions.
Acclimation Capacity
Using nine accessions, we were able to investigate how the massive transcriptional changes that occur during cold acclimation (Fowler and Thomashow, 2002; Kreps et al., 2002; Seki et al., 2002; Hannah et al., 2005; Lee et al., 2005) vary between accessions and if there was differential regulation that may explain their wide range of tolerance levels. Transcripts that were significantly changed in each accession were identified and compared with the ability of each accession to cold acclimate. This indicated that the number of significant changes in gene expression during cold acclimation was significantly (P 5 0.004; R 2 5 0.71) correlated with the ability to cold acclimate (Fig. 3A) , as was the amplitude of change (P , 0.008; R 2 5 0.66) among the 423 transcripts that changed significantly in all accessions during acclimation (Supplemental Table I ; Fig. 3B ). With the exception of Co, there was a 10% to 25% increase of mean expression change for accessions that acclimate well in comparison to those that acclimate poorly.
In contrast to transcript data, there are fewer reports on cold-induced metabolic changes in Arabidopsis. The lower acclimation capacity of Cvi in comparison to Wassilewskija-2 was associated with an attenuated accumulation of many cold-responsive metabolites (Cook et al., 2004) . Hundreds of metabolite changes also occur in Col-0, but it has not been compared to other accessions (Kaplan et al., 2004) . We compared metabolite changes during cold acclimation for 210 metabolites detected in all nine accessions. All accessions showed large increases (1.7-to 5.6-fold) in their total metabolite content during cold acclimation, with the . Experiments were performed as described (Rohde et al., 2004) . Accessions used were Te, Rsch, Col-0, Nd, Ler, Co, C24, Can, and Cvi. Data are means 6 SE from four to six independent experiments. Figure 2 . Correlation between habitat temperature and acclimated freezing tolerance. Acclimated freezing tolerance is expressed as the temperature at which 50% electrolyte leakage occurred from detached leaves (LT 50 ) of plants after 14 d of cold acclimation at 4°C (compare Fig. 1 ). Temperature data are the average minimum temperature during January for winter annuals and April for summer annuals from the nearest recording station (www.weatherbase.com). Data are means from four to six independent experiments. exception of Can, whose content decreased. Te, similar to Can, behaved differently from all other accessions, with metabolite increases reduced in magnitude and a much higher proportion of metabolites decreasing during cold acclimation ( Fig. 4 ; Supplemental Table  II) . Our data confirm the reduced magnitude of changes in Cvi (Cook et al., 2004) . However, the overall magnitude of changes in Ler and C24 in comparison to Te, Nd, and Col-0 indicated there was no simple correlation between global metabolic changes and acclimation capacity (Fig. 4) . To prevent bias due to missing values, this analysis did not include all metabolites. Detected metabolites varied from 302 to 373 for the nine accessions. The proportion of these showing a significant (false discovery rate [FDR] ; P , 0.05) change during cold acclimation was compared (Supplemental Table II ). The proportion of metabolites that Figure 3 . Correlation between acclimation capacity and the number and magnitude of expression changes. Acclimation capacity was measured as the difference between the nonacclimated and acclimated LT 50 of detached leaves (compare Fig. 1 ). This is plotted against the number of significant expression changes (A) and the average magnitude of change for the 423 transcripts that change significantly in all accessions during cold acclimation (B). Expression changes were evaluated by fitting a linear model to compare nonacclimated and acclimated expression using the Limma software. Changes were classified as significant if the gene-wise FDR corrected F test and t test P values were both less than 0.05. For A nonacclimated replicate 1 was excluded so sample sizes were equal for all accessions. . Hierarchical clustering of metabolite changes during cold acclimation. Data are the differences between nonacclimated and acclimated median log2 normalized peak area scaled to unit variance. Euclidean distance was used for clustering. Data for 210 metabolites detected in at least 10 replicates for all sample types are shown. Red indicates the lowest values and white the highest. Approximately unbiased bootstrap probabilities (%), calculated using the pvclust R package (Suzuki and Shimodaira, 2006) , are given for selected nodes. A version including the metabolite names is available as Supplemental Figure 2 . accumulated ranged from 0.76 to 0.87 for the accessions C24, Co, Col-0, Ler, Nd, and Rsch, while Cvi had 0.66, Te 0.45, and Can only 0.25. The proportion of metabolites decreasing was 0.11 for Cvi, 0.15 for Te, and 0.37 for Can, but less than 0.07 for all other accessions. There are probably more metabolites decreasing, as many were only reliably detected in nonacclimated samples (Supplemental Table II ). Because acclimated samples were 1/5 split injected to prevent peak saturation, missing peaks could also represent metabolites that fell below their detection limit. These are included in Supplemental Table II but are not considered further.
To investigate functionally relevant changes (Hannah et al., 2005) , we tested for overrepresentation of Mapman functional groups (Thimm et al., 2004; Usadel et al., 2005) among the 1,000 most significantly up-and down-regulated transcripts for each accession during cold acclimation. In most accessions, there was significant overrepresentation of secondary metabolism, transport, and much of primary metabolism among up-regulated transcripts and of the photosynthesis, lipid metabolism, nucleotide metabolism, hormone, and redox groups among down-regulated transcripts (Table II ; Supplemental Fig. 1 ). In Cvi, a smaller number of transcripts from the primary metabolism functional groups were up-regulated, but more were downregulated as compared to the other accessions.
The CBF transcription factors CBF1 to 3 have a central role in cold acclimation (Gilmour et al., 2004) , and the ZAT12 regulon contains cold-responsive genes and partially overlaps with that of CBF2 (Vogel et al., 2005) . Our data revealed that the CBF and ZAT12 regulons were significantly overrepresented among genes changing during cold acclimation in all accessions (Table III) . Consistent with the report that the most highly up-regulated genes belong to the CBF and ZAT12 regulons (Vogel et al., 2005) , overrepresentation was highest among the 1,000 most significant changes (data not shown). Col-0 was the only accession with significantly increased ZAT12 expression (Supplemental Table I ) and also had the largest overrepresentation of genes up-regulated by ZAT12 overexpression (Table  III) . In contrast, CBF genes were significantly induced in all accessions except Nd and Te, with varying contributions of individual members of the CBF family. CBF1 to 3 were induced in Can and Cvi, CBF1 and CBF2 in Col-0, Ler, and Rsch, and CBF2 in C24 and Co (Supplemental Table I ).
Acclimated Freezing Tolerance
There were 731 transcripts that correlated significantly (FDR P , 0.05) with acclimated LT 50 for the eight core accessions. Of these, 275 were positively correlated and 456 were negatively correlated with the freezing tolerance level (Supplemental Table I ). Most of these transcripts also changed in abundance during cold acclimation. Photosynthesis, tetrapyrrole synthesis, cell wall, lipid, and nucleotide metabolism were significantly overrepresented among transcripts that negatively correlated with acclimated freezing tolerance (Table II ; Supplemental Fig. 1 ). Carbohydrate, amino acid, and secondary metabolism as well as stress functional groups were overrepresented among positively correlating transcripts. CBF1 and CBF2 had significant positive correlations (FDR P 5 0.045 and 0.053, respectively) with acclimated freezing tolerance ( Fig. 5 ) but CBF3 and ZAT12 did not. Among transcripts positively correlating with acclimated freezing tolerance, those up-regulated by ZAT12 or CBF2 (Vogel et al., 2005) were highly overrepresented (Table III) . Transcripts down-regulated by overexpression of ZAT12 were enriched among negatively correlating transcripts but those down-regulated by CBF2 were not.
At the metabolic level, there were large differences between nonacclimated and acclimated samples, but the differences between acclimated samples were smaller (Fig. 6 ). In general, there was not a strong cluster separation among acclimated samples, indicating no obvious global metabolic determination of differences in acclimated freezing tolerance. There was moderate support for the clustering of C24, Nd, Co, and Cvi versus Col-0, Rsch, Ler, and Te. Although this would support association between freezing tolerance and the global metabolite profile, the position of Ler and Nd are not in agreement with a clear separation of low and high acclimated tolerance (Fig. 6 ).
To identify individual metabolites that may contribute to freezing tolerance, we correlated metabolite levels with acclimated LT 50 for the core accessions. Fifteen metabolites, including Glc, Fru, Gal, raffinose, and Xyl, correlated significantly (FDR P , 0.1) with acclimated freezing tolerance (Supplemental Table II ). Suc had the next most significant correlation (FDR P 5 0.107). Glc, Fru, and raffinose are among the top four metabolites increased in response to CBF3 overexpression (Cook et al., 2004) . CBF3 overexpression increased many other metabolites, and 35 increased more than 7.5-fold (Cook et al., 2004) . The majority of these were part of a small cluster of metabolites in our dataset (Fig. 6 ).
Nonacclimated Freezing Tolerance
In contrast to acclimated freezing tolerance, nonacclimated freezing tolerance has received little attention. There have been some genetic analyses (Stone et al., 1993; Teutonico et al., 1995) , but mechanisms underlying nonacclimated tolerance have so far not been uncovered. The winter-annual accession Te had significantly higher nonacclimated freezing tolerance than all other accessions (Fig. 1) , thus providing a basis for an analysis of transcripts and metabolites related to nonacclimated tolerance. In all pairwise comparisons between Te and the other core accessions, 298 and 434 transcripts were significantly increased and decreased, respectively (Supplemental Table I (Fig. 6) . This is further supported by the increased levels of many previously reported cold-induced metabolites (Cook et al., 2004; Kaplan et al., 2004) . In total, there were 167 metabolites increased in Te in comparison to all core accessions (Supplemental Table II) .
Among transcripts significantly different in Te were CBF1 and 2, which were elevated about 14.5-and 4.7-fold, respectively (Supplemental Table I ). CBF3 was increased 6.6-fold but this was only significant in four of seven comparisons. This was paralleled by the significant enrichment of the CBF regulon (Fisher exact test, P 5 6 3 10 218 ) among transcripts elevated in Te, but there was no enrichment of CBF2 downregulated transcripts among those reduced in Te (Table III) . There was also a large overlap with metabolites increased by CBF3 overexpression, of which galactinol, raffinose, Fru, Glc, Pro, and Man were the most prominent (Cook et al., 2004) . With the exception of galactinol, these were identical to the top five metabolites discriminating Te from the other core accessions (Fig. 7) .
The second late flowering accession, Can, was very different from the other accessions before and after cold acclimation and was the only accession in which the total metabolite content decreased during acclimation. Despite these differences, nonacclimated Can showed similarities to Te and to acclimated rather than nonacclimated samples of other accessions at the metabolite level (Fig. 6) . However, because its freezing tolerance was low, these similarities may represent transcripts and metabolites that correlate with life history traits or plant age but are not sufficient to increase freezing tolerance. We identified 1,767 transcripts that were higher in nonacclimated Can than in all accessions except Te (Supplemental Table I ). In nonacclimated Can, total metabolite content was similar to acclimated samples, and our previously reported 114 consensus cold-regulated genes (Hannah et al., 2005) were weakly overrepresented (Fisher exact test, P 5 0.057) among transcripts increased in nonacclimated Can. Although the expression of the CBF transcription factors was not different from other accessions, the CBF regulon was also significantly overrepresented among these transcripts (Fisher exact test, P 5 0.005; Table III ). With the exception of Pro, all metabolites discussed in relation to the CBF pathway were similarly or more elevated in nonacclimated Can in comparison to Te (Fig. 7) . In addition, the functional groups of transcripts differentially expressed in Can compared to the other accessions, particularly those that were reduced, were similar to those identified in Te and in the analyses of acclimation capacity and acclimated freezing tolerance of the core accessions (Table II) . 
DISCUSSION
Our survey of nine geographically diverse accessions of Arabidopsis identified considerable natural variation for acclimated and nonacclimated freezing tolerance as well as for acclimation capacity. This is the widest survey of Arabidopsis freezing tolerance reported to date, and the observed variation was greater than reported in previous pairwise comparisons between Cvi and Wassilewskija-2 (Cook et al., 2004) , Cvi and Col-0 (Zuther et al., 2004) or Ler (AlonsoBlanco et al., 2005) , or between Col-0 and C24 (Klotke et al., 2004; Rohde et al., 2004) . In Arabidopsis, natural variation has been reported for various traits (Koornneef et al., 2004) , and latitudinal clines have been demonstrated for hypocotyl length (Maloof et al., 2001) , circadian period length (Michael et al., 2003) , and flowering time (Stinchcombe et al., 2004) . However, the selective environmental factors, their ecological importance, i.e. the influence on the genetic structure of populations, and their relationship to underlying molecular mechanisms are not fully understood. Considering the general lack of evidence for environmental selection on genomic polymorphisms in Arabidopsis (Nordborg et al., 2005) , our North-South transect revealing the significant correlation of freezing tolerance with habitat temperature (Fig. 2) assigns temperature a high probability of being an important selective force, with freezing tolerance levels being closely adjusted to habitat requirements. Such environmental selection is long known from studies of tree ecotypes being adapted to local climatic conditions. Genotype 3 environment interactions are well documented for low temperature as well as photoperiod, which are important signaling cues that trigger the onset of winter dormancy and bud break in the spring. More recently, a relationship between latitude of origin and the development of freezing tolerance has been demonstrated for both evergreen and deciduous trees (Repo et al., 2000; Li et al., 2002) .
Our data demonstrate a significant association of the complexity of the transcriptional response with acclimation capacity. Accessions with strong cold acclimation had about 1.5-to 2-fold more significant changes in gene expression than those that acclimated poorly (Fig. 3A) . The amplitude of gene expression changes common to all accessions was also greater in accessions with higher acclimation capacity (Fig. 3B) . As larger magnitudes of change may favor statistical detection, the number and magnitude of expression changes may be related. However, in contrast to the changes that were significant for all accessions, there was no relationship between magnitude and acclimation capacity when all significant changes in each accession were considered. Although the association of number and/or magnitude of expression changes could be a cause or consequence of increased cold acclimation, metabolic changes during acclimation (Supplemental Table II ), particularly starch accumulation, argue against generally reduced metabolic activity as the cause of smaller transcriptome changes in poorly acclimating accessions. This suggests that a large number of changes may be functionally relevant for acclimation capacity and is good genomic evidence for the complexity of the trait observed in physiological investigations. For genetic engineering of freezing The number of genes in the selected lists changed in a common direction by CBF2 or ZAT12 overexpression were compared to the number expected, by chance, to be changed. Lower (more significant) P values and higher fold changes indicate gene lists with more overlap with the transcription factor regulon. Gene lists were as described in Table II tolerance, such complexity likely needs to be addressed; overexpressing transcription factors to upregulate entire regulons may be more promising than trying to identify single, nonregulatory genes with large positive effects on freezing tolerance.
Because secondary treatment effects like reduced light intensity or altered water availability are inevitably coupled to temperature shifts, pairwise comparisons of acclimated and nonacclimated plants cannot unambiguously identify genes directly involved in determining acclimated freezing tolerance. The correlation analysis shown here circumvents that problem by quantitatively relating transcriptome changes with acclimated freezing tolerance of identically treated accessions. This allows for improved functional assignment of transcript changes based on phenotypic variation among accessions. The phenotypic variation of acclimated freezing tolerance between accessions Approximately unbiased bootstrap probabilities (%), calculated using the pvclust R package (Suzuki and Shimodaira, 2006) , are given for selected nodes. The cluster referred to in the text is located at the bottom of the figure and is marked by an asterisk. A version including the metabolite names is available as Supplemental Figure 3 .
was high (5.9°C) and was 3-fold greater than the minimum acclimation capacity of an individual accession (1.7°C; Fig. 1 ). Obviously, genes that do not vary between accessions but are still necessary for freezing tolerance cannot be identified by this approach. Likewise, as all accessions were able to cold acclimate to some degree, genes identified may not be essential for the minimal acclimation response. However, the accordance of functional groups of genes changing during cold acclimation and those correlating with acclimated freezing tolerance indicates that most changes in response to low temperature are likely related to cold acclimation (Table II) . All analyses indicate the down-regulation of photosynthesis and the up-regulation of photoprotective flavonoids are associated with improved acclimated freezing tolerance. These pathways were not only cold regulated but were also more overrepresented in accessions with higher acclimation capacity (Table II) . However, as the largest photosynthetic changes occurred in Can, which acclimated poorly, down-regulation of photosynthesis appears insufficient for increasing freezing tolerance on its own. We identified the induction of genes encoding enzymes of flavonoid biosynthesis as quantitatively related to freezing tolerance in Arabidopsis. Genes encoding flavonoid biosynthetic enzymes were prominent among transcripts up-regulated by cold (4°C) exposure (this study) as well as chilling (13°C), despite an overall low correlation of changes between these treatments (Provart et al., 2003) . In addition, genes encoding flavonoid biosynthetic enzymes were among the largest changes in response to chilling in wild-type plants and were also less abundant in several chilling-sensitive mutants (Provart et al., 2003) . Evidence for a role of flavonoids in plant stress responses has been accumulated in diverse species based on mutant analysis (for review, see Winkel-Shirley, 2002); however, a selective advantage under field conditions remains to be demonstrated. Our functional correlation with freezing tolerance of natural accessions is a first step in this direction. Flavonoid metabolism is regulated by the closely related MYB transcription factors production of anthocyanin pigment 1 and 2 (PAP1 and 2; Borevitz et al., 2000) . PAP1 and 2 were both among transcription factors positively correlating with acclimated freezing tolerance, and PAP2 was significantly up-regulated in six accessions during cold acclimation (Supplemental Table I ). The 37 genes induced by PAP1 overexpression (Tohge et al., 2005) were also significantly overrepresented (Fisher exact test; P 5 0.001) among the genes we identified as positively correlating with acclimated freezing tolerance. More detailed analysis of flavonoid metabolism indicates separation based on a cluster of 12 genes, including CHALCONE ISOMERASE, CHAL-CONE SYNTHASE, DIHYDROFLAVONOL 4-REDUC-TASE, and FLAVONOL SYNTHASE 1, which were up-regulated more in Col-0, Rsch, and Te than in accessions that cold acclimated less (Fig. 8) . Strikingly, 10 of these 12 genes were up-regulated by PAP1 overexpression. There was also correspondingly higher induction of PAP2 during cold acclimation in the accessions that acclimated well when compared to those that did so poorly (Supplemental Table I ). PAP1 was recently reported as the major quantitative trait locus (QTL) controlling variation of Suc-induced anthocyanin accumulation between Ler and Cvi (Teng et al., 2005) . Because Suc was among metabolites positively correlating with acclimated freezing tolerance, its effect on PAP1 expression may partially explain the variation we observe. However, as only the expression of PAP2, not PAP1, was significantly increased during cold acclimation, it is likely that PAP2 may have a more specific, Suc-independent, role in the accumulation of Figure 7 . The levels of metabolites induced by CBF3 overexpression in nonacclimated plants. Boxplots of galactinol (A), raffinose (B), Fru (C), Glc (D), Pro (E), and Man log2 (F) normalized peak area in nonacclimated plants. These metabolites are the top six increased in response to CBF3 overexpression (Cook et al., 2004) .
flavonoids in response to cold. In agreement with a Suc-independent role, it was recently reported that PAP2 was not Suc induced (Solfanelli et al., 2005) .
Increased freezing tolerance during cold acclimation is associated with many metabolic changes (Cook et al., 2004; Kaplan et al., 2004) . Using multiple accessions, we reach the conclusion that cold acclimation is always associated with numerous and complex metabolic changes, but there is no clear relationship between global metabolite changes and differences in acclimation capacity or differences between the accessions in acclimated freezing tolerance (Figs. 4 and 6 ). Our data show that the reduced scale of metabolic changes in Cvi compared to other accessions (Cook et al., 2004;  Fig. 4) is not characteristic of low acclimation capacity but offers a possible explanation why it occurs. It could be traced to the transcript level, where carbohydrate metabolism was less up-regulated and glycolysis more downregulated than in the other accessions (Table II) . Differences in the TCA cycle may also contribute to differences in the magnitude of metabolic changes, as Can, Cvi, and Te, which showed reduced metabolic changes during cold acclimation (Fig. 4) , were the only accessions without significant up-regulation of this group (Table II) . With respect to the involvement of metabolites in freezing tolerance, the probable importance of central carbohydrate metabolism is indicated by the identification of Glc, Fru, and Suc among positively correlating metabolites (Supplemental Table II) . This is further supported by its overrepresentation also among transcripts positively correlating with acclimated freezing tolerance. The function in plant stress tolerance of soluble sugars, particularly of raffinose, which was identified by our analyses at the metabolite as well as the transcript level, has been highlighted by many investigators (for review, see Smallwood and Bowles, 2002) . However, raffinose accumulation alone is neither necessary nor sufficient for cold acclimation in Arabidopsis (Zuther et al., 2004) .
The two winter annuals, Can and Te, differed markedly from all other accessions, because in the nonacclimated state, they were metabolically similar to cold acclimated plants of the summer annuals due to their elevated metabolite levels (Fig. 6) . During cold acclimation, metabolite increases were reduced in magnitude and more metabolites decreased in Can and Te (Fig. 4 ; Supplemental Table II) . Can was the only accession that showed a net decrease in metabolite content during cold acclimation. As plants were harvested at the bolting stage, the late flowering of Te Figure 8 . Hierarchical clustering of up-regulated genes from flavonoid metabolism. The GCRMA (log2 scale) expression estimates for genes from the Mapman (Thimm et al., 2004; Usadel et al., 2005) flavonoid metabolism functional group that were significantly up-regulated in at least one accession were used. Data were scaled to unit variance with Euclidean distance used for clustering. Red indicates the lowest values and white the highest. Approximately unbiased bootstrap probabilities (%), calculated using the pvclust R package (Suzuki and Shimodaira, 2006) , are given for selected nodes. Genes up-regulated by PAP1 overexpression (Tohge et al., 2005) are marked with asterisks. Gene names are as follows: 5AT, Anthocyanin 5-aromatic acyltransferase; CHI, chalcone isomerase; CHS, chalcone synthase; DFR, dihydroflavonol 4-reductase; F3#H, flavonoid 3#-hydroxylase; FLS, flavonol synthase; F3H, flavonone-3-hydroxylase; IFR, isoflavone reductase; UFGT, UDP-Glc:flavonoid 3-O-glucosyltransferase; UGT, UDP-glucoronosyl/ UDP-glucosyl transferase; and LDOX, leucoanthocyanidin dioxygenase. Genes with putative function assigned by sequence similarity are designated (p).
and Can meant they were about 13 and 32 d older, respectively, than the other accessions that likely contributed to the transcriptional and metabolic differences we observed. However, our analyses provided strong evidence that a substantial proportion of the metabolic and transcriptional differences between Te and the summer annuals were likely related to its increased freezing tolerance. Te was collected in Finland at the northernmost edge of the Arabidopsis range. It showed exceptionally high nonacclimated freezing tolerance, being greater than 2°C more tolerant than all other nonacclimated accessions and more tolerant than C24, Can, Cvi, or Co even when they were cold acclimated (Fig. 1) . In nonacclimated plants, 167 metabolites were more abundant in Te in comparison to the summer annual accessions (Supplemental Table II ). Of these, four of the top five of known identity (raffinose, Man, Gal, Glc, and Fru) correlated with acclimated freezing tolerance. Likewise, among the 298 transcripts significantly more abundant in Te than in the summer annuals, there was massive enrichment of both cold induced genes (Fisher exact test; P 5 2.1 3 10 232 ) and those positively correlating with acclimated freezing tolerance (Fisher exact test; P 5 5.7 3 10 257 ). Nonacclimated Can showed similarities, both at the metabolite and the transcript level, to nonacclimated Te and all acclimated accessions ( Fig. 6 ; Table II) but had only weak freezing tolerance (Fig. 1) . Many of the similarities of nonacclimated Can and Te may be related to the common late flowering habit, causing increased age of these plants at bolting. Importantly, these data indicate that high metabolite content is not sufficient for improved freezing tolerance. It is therefore tempting to speculate that only a few mutations could be responsible for the loss of tolerance in Can that never experiences temperatures below 10°C in its natural habitat. The absence of significant amounts of the stress-related metabolite Pro in Can (Fig. 7) may be a candidate for such an effect. Also, sensitive to freezing mutants have been isolated in Arabidopsis (Warren et al., 1996) that have lost their ability to fully cold acclimate due to singlegene mutations (e.g. Thorlby et al., 2004) . This indicates that despite the evident complexity, several genes are essential for freezing tolerance in Arabidopsis and that the inactivation of any of these genes may severely affect acclimated freezing tolerance.
Prime candidates for large effects on freezing tolerance are the major regulators, i.e. transcription factors that control large sets of temperature regulated genes. The best characterized of these are the CBF transcription factors. These have been shown to be strongly induced in response to short-term cold exposure but continue to be up-regulated after 7 d (Fowler and Thomashow, 2002) . The up-regulation of CBF1 and 2 in most accessions was paralleled by the overrepresentation of the CBF regulon, indicating a high probability of their importance for maintaining the cold acclimated state. However, variation in different accessions of the occurrence and magnitude of CBF expression increases after 14 d of cold acclimation, and the corresponding status of the expression of their regulon indicates that control is not wholly dependent on CBF expression level in the long term (Supplemental Table I; Table III ). These differences may be mediated by either CBF-independent up-regulation of CBFtargeted transcription factors or by direct overlap between the CBF regulon and that of so-far-unidentified regulatory factors. Overlap between the CBF and ZAT12 regulons has recently been reported (Vogel et al., 2005) . Interestingly, variation was also seen for ZAT12 that was significantly induced in Col-0 but no other accession (Supplemental Table I ). Strong evidence for the importance of the CBF genes comes from our analyses of acclimated and nonacclimated freezing tolerance. Transcripts of CBF1 and CBF2 had significant positive correlations (FDR P 5 0.045 and 0.053, respectively) with acclimated freezing tolerance, and in nonacclimated Te, they were elevated about 14.5-and 4.7-fold, respectively. There was a coordinate upregulation of the CBF regulon; transcripts induced by CBF2 overexpression (Vogel et al., 2005) are significantly more abundant among transcripts positively correlating with acclimated freezing tolerance (Fisher exact test; P 5 6 3 10
236
) and among those increased in nonacclimated Te (Fisher exact test; P 5 1 3 10 218 ; Table III ). There is also a striking similarity between metabolites increased most in response to CBF3 overexpression (galactinol, raffinose, Fru, Glc, Man, and Pro; Cook et al., 2004) and those identified in our analyses. Thus, natural variation of nonacclimated and acclimated freezing tolerance in Arabidopsis could, at least in part, be mediated through the CBF-transcriptional pathway. There is currently little understanding of the basis for natural variation in nonacclimated freezing tolerance and the involvement of CBF. Indeed, increased expression of CBF genes in the absence of a cold stimulus was previously unknown. However, CBF involvement in acclimated tolerance is well established and is further supported by the recent identification of a CBF2 promoter deletion as the likely candidate for a QTL explaining approximately 20% of the variation in acclimated freezing tolerance between Cvi and Ler (Alonso-Blanco et al., 2005) . Although this was the largest QTL, it also indicates that the majority of the observed variation was under alternative genetic control. It is also worth noting that the difference between the acclimated freezing tolerance of Ler and Cvi is only small in comparison to the total variation in acclimated freezing tolerance we observed (Fig. 1) .
In agreement with a significant but limited role of the CBF pathway, only about 5% to 15% of the transcript changes we identified are established to be under the control of CBF. In addition, this overlap was only seen for transcripts up-regulated by CBF overexpression, but there was no significant overlap among downregulated transcripts. Genes affected by CBF overexpression but not regulated during acclimation may indicate that some CBF regulated genes do not remain changed in the long term or may represent pleiotropic effects of ectopic overexpression. As our analyses support important roles for the down-regulation of many pathways, these changes are likely to be mediated by pathways independent of CBF. We identified 27 transcription factors, in addition to the CBFs and PAP1/2 that correlated positively with acclimated freezing tolerance, and 24 that showed negative correlations (Supplemental Table I ). Negative regulators of freezing tolerance have received little attention. Here we identify two auxin-induced AUX/indole-3-acetic acid (Dharmasiri and Estelle, 2004) and two cytokinininduced response regulator genes (Hwang and Sheen, 2001 ) among the negatively correlating transcription factors. This is in agreement with the strong downregulation of hormone-related genes at all time points following cold treatment (Hannah et al., 2005) and in all accessions during cold acclimation (Table II) . While positively correlating pathways have been identified by other methods, combining the power of natural genetic diversity with profiling analyses is advantageous especially to uncover possible roles for negatively correlating metabolic or transcriptome networks, thus helping to uncover so far unknown roles for regulatory mechanisms in complex adaptive responses that are under environmental selection.
MATERIALS AND METHODS
Plant Material
Nine Arabidopsis (Arabidopsis thaliana) accessions were greenhouse grown as described (Rohde et al., 2004; Hannah et al., 2005) ; a 16-h photoperiod at a minimum of 200 mmol m 22 s 21 and a day/night temperature of 20°C/18°C
were used. Nonacclimated plants were harvested for all measurements at the common developmental stage of bolting (0.5-1 cm inflorescence growth). At the same time, replicate plants were transferred to a 4°C growth chamber with a 16-h photoperiod at 90 mmol m 22 s 21 for an additional 14 d (Rohde et al., 2004) . Samples were harvested before and after cold treatment after 8 h of light. The experiment was repeated to give three independent biological replicates.
Expression Analysis
Whole rosettes pooled from 10 plants were harvested. Extraction, labeling, hybridization, and scanning were as described (Redman et al., 2004) . Each biological replica was hybridized to a single Affymetrix ATH1 Genome array (ATH1) at the German Resource Center for Genome Research, Berlin (www. rzpd.de). The validation of ATH1 data using an independent platform, data normalization, and statistical testing of differential expression have been previously discussed (Hannah et al., 2005) . Additionally, we must consider the use of the ATH1 array, designed for the Col-0 genome sequence, for multiple accessions. Polymorphisms between the different accessions could lead to differences in signal intensity but are less likely to affect signal changes. The low frequency of polymorphisms (exon 5 0.003; 3# untranslated region 5 0.006; Nordborg et al., 2005) and the use of 11 probes/gene would minimize the effect on signal intensities. In addition, using multiple accessions for all analyses would make it unlikely for polymorphisms to introduce systematic bias. Data were analyzed using the bioconductor software project . Data quality was assessed using the affy and AffyPLM packages. Nonacclimated replicate 1 of C24 and Nd were outliers and excluded from all analyses. The GCRMA algorithm (ver. 1.1.0) was used to obtain expression estimates (Wu et al., 2004 ). An edited version of the probeset to Arabidopsis Genome Initiative locus code mapping of The Arabidopsis Information Resource (01/06/04) was used as described (Hannah et al., 2005) . Additionally Arabidopsis Genome Initiative locus codes that had multiple probe matches were assigned to a single probeset either by taking the original design probeset or, in the small number of cases with no match, by selecting a match at random. These probesets matched 21,166 unique genes, of which 297 also matched a second closely homologous gene. All statistical analyses were made using linear models in the limma bioconductor package that uses an empirical Bayes approach, improving performance with low sample number (Smyth, 2004) . First, a model was fitted that fully describes the systematic variation in the data (i.e. nine genotypes, two treatments) using a design matrix. This model was then used to extract comparisons of interest using a contrast matrix. These were the pairwise comparisons of acclimated and nonacclimated samples for each genotype and the comparisons of nonacclimated Te and Can to the summer annuals. These comparisons of interest were combined into F tests with significance defined as meeting the specified level in both the pairwise t test and F test. Linear regression was used for correlations with acclimated LT 50 . All P values were adjusted for multiple testing (see data analysis). Data from Vogel et al. (2005) was analyzed using the comparison mode of the Affymetrix MAS5 software as described (Hannah et al., 2005) . Data are deposited under the accession number E-TABM-52 at Array-Express (www.ebi.ac.uk/arrayexpress).
Metabolite Analysis
In the first experiment, leaf discs were harvested from 30 individual plants. In experiments 2 and 3, six pooled samples from three plants were taken. Sugars and Pro were quantified independently as described (Rohde et al., 2004) . Starch was measured using an enzymatic kit (Boehringher). For metabolite profiling, powdered samples (20 mg fresh weight) were extracted using 1 mL of chloroform:methanol:water (2:5:2, v/v/v) at 217°C. After centrifugation, the supernatant was dried and derivatized using 20 mL of 40 mg/mL methoxyamine hydrochloride in pyridine (30°C/90 min) followed by 180 mL of N-methyl-N-trimethylsilyltrifluoroacetamid at 37°C for 30 min. Derivatized samples were stored for 120 min at room temperature prior to injection to allow complete trimethylsilylation of amino moieties. Gas chromatography (GC)-time-of-flight analysis was performed using an Agilent 6890 GC coupled to a LECO Pegasus2 time-of-flight mass spectrophotometer (Leco) as described (Weckwerth et al., 2004) . Briefly, nonacclimated samples were injected in splitless mode into tapered, deactivated split/splitless liners containing glasswool (Agilent) at 230°C. To prevent detector saturation and column overloading, acclimated samples were injected at a split ratio of 1:5. The GC was operated at constant helium flow of 1 mL/min with a 40-m RTX-5 column (0.25 mm id) with an integrated 10-m precolumn. After 2 min at 80°C, temperature was increased at 15°C/min to 330°C, which was held for 6 min.
Twenty spectra per second were recorded between mass-to-charge ratio 85 and 500. Peak identification and quantification were performed using the Pegasus software (Leco). Reference chromatograms at a minimum signal/ noise threshold of 10:1 were used for automated chromatogram comparisons. Artifact peaks were removed from the result files. Areas were computed using reference unique ions as quantifiers. GC-mass spectrometry raw peak areas were normalized to the independent measure of Suc concentration and log2 transformed. The independent measures of Glc, Fru, raffinose, and Pro indicated good agreement (R 2 5 0.83-0.93). Only data from experiment 1 is presented while, due to the reduced replication, experiments 2 and 3 were used for confirmation. Comparisons of known metabolites indicated that 0.83 and 0.85 were significantly (P , 0.05) correlated between experiments 1 and 2 and between experiments 1 and 3, respectively. As some data showed nonnormal distributions and/or unequal variances we used Wilcoxan tests to identify metabolite differences. Correlations were performed by linear regression using the median. Only metabolites detected in at least 10 samples were considered.
Data Analysis
Statistical comparisons of the overlap between different gene lists, such as cold-responsive genes among functional groups or transcriptional regulons, were made using a Fisher exact test in the R software (Hannah et al., 2005) . Genetic variation of freezing tolerance was determined by a two-way ANOVA using the R software. Microsoft Excel, Access, and the R software were used to perform general analyses. Cluster validity was assessed using multiscale bootstrap resampling using the pvclust R package (Suzuki and Shimodaira, 2006) and is indicated by the approximately unbiased probability at selected nodes. This probability was proposed to be superior in terms of bias compared to ordinary bootstrap resampling (Suzuki and Shimodaira, 2006) . FDR corrections for multiple testing across all genes/metabolites were used; the linear step-up (Benjamini and Hochberg, 1995) method for comparisons and the resampling based point estimate for correlations (Reiner et al., 2003) . Unless an alternative value is stated the term significant is used to denote an FDR corrected P value ,0.05.
